We describe recent work on the development of a Compton scatter polarimeter for measuring the polarization of hard X-rays (100-300 keV) from astrophysical sources.
I. INTRODUCTION
The basic physical process used to measure linear polarization of hard X-rays (100-300 keV) is Compton scattering. The total cross section for Compton scattering is given by [1] (2) Here E is the energy of the incident photon, E 0 is the energy of the scattered photon, is the scattering angle of the scattered photon as measured from the direction of the incident photon, and is the azimuthal scattering angle of the scattered photon as measured from the plane containing the electric vector of the incident photon. For a given value of , the scattering cross section for polarized radiation reaches a minimum at = 0 and a maximum at = 90 . (This asymmetry is maximized for values of near 90 .) In the case of an unpolarized beam of incident photons, there will be no net positive electric field vector and therefore no preferred azimuthal scattering angle ( ). However, in the polarized case, the incident photons will exhibit a net positive electric field vector and the distribution in is asymmetric. A measurement of this asymmetry can be used to infer the polarization of the incident beam.
The successful design of a polarimeter hinges on the ability to reconstruct the kinematics of each individual event. In this context, we can consider: 1) the ability to measure the energies of both the scattered photon and the scattered electron; and 2) the ability to measure the scattering geometry.
A Compton scatter polarimeter consists of two detectors that are used to determine the energies of both the scattered photon and the scattered electron. One detector (the scattering detector) provides the medium for the Compton interaction to take place. This detector must be designed to maximize the probability of a single Compton interaction with a subsequent escape of the scattered photon. This implies a low-Z material that is sufficiently thick to induce a single Compton scattering, but thin enough to minimize the chance of subsequent interactions. The primary purpose of the second detector (the calorimeter) is to absorb the full energy of the scattered photon.
Information regarding the scattering geometry comes from the relative location of the two detectors. As noted above, the azimuthal modulation of the scattered photons is maximized if the two detectors are placed at roughly 90 relative to the incident photon beam. The accuracy with which the scattering geometry can be measured determines the ability to define the modulation pattern and therefore has a direct impact on the polarization sensitivity.
II. LABORATORY PROTOTYPE
In an earler paper, we discussed a polarimeter design consisting of a ring of twelve individual scattering detectors (composed of low-Z plastic scintillator) surrounding a single NaI calorimeter [2] . The characteristics of this design were investigated using a series of Monte Carlo simulations that were based on a modified version of the GEANT simulation package. To be recorded as a polarimeter event, an incident photon Compton scatters from one (and only one) of the scattering detectors into the central calorimeter. The incident photon energy can be determined from the sum of the energy losses in both detectors and the scattering angle ( ) can be determined by the azimuthal angle of the associated scattering detector. When the polarimeter is arranged so that the incident flux is parallel to the symmetry axis, unpolarized radiation will produce an axially symmetric coincidence rate. If, on the other hand, the incident radiation is linearly polarized, then the coincidence rate will show an azimuthal asymmetry whose phase depends on the position angle of the incident radiation's electric vector and whose magnitude depends on the degree of polarization.
We have prototyped this design in the laboratory to validate our Monte Carlo code. For our prototype testing, we set up a semicircular array around a central NaI detector. This semicircular design eliminated the redundancy and simplified the hardware and associated electronics, while retaining the fundamental physics. Each of the seven plastic elements consisted of a block of Bicron BC408 scintillator material (5.5 cm 5.5 cm 7.0 cm in size) coupled to a 2-inch PMT (EMI 9755NA). The plastic scintillators were positioned at a radius of 15 cm from a centrally located 7.6 cm diameter 7.6 cm high cylindrical NaI(Tl) detector. The data processing and acquisition was achieved using a combination of NIM and CAMAC modules, with the final data recorded via a GPIB interface on a Macintosh computer.
A source of polarized photons was generated by Compton scattering photons from a radioactive source [3] . The exact level of polarization is dependent on both the intial photon energy and the scatter angle. Figure 1 shows the polarization fraction as a function of scattering angle for three different incident photon energies (corresponding roughly to 241 Am, 137 Cs, and 60 Co), based on an analytical formulation [4] . The use of plastic scintillator as a scattering block in generating the polarized beam permits the electronic tagging of the scattered (polarized) photons. This is especially useful in identifying (via coincidence techniques) the interaction of the polarized photons in the polarimeter. For our laboratory measurements we have used a strong (several hundred Ci) 137 Simulations of the prototype geometry were used to define the polarization modulation factor for a completely polarized incident beam (polarization level of 100%),
The values of C max and C min (the maximum and minimum number of events registered as a function of azimuthal scatter angle) are determined by fitting the simulated counts (as a function of ) to a sine function. These simulations gave a modulation factor of 100 = 0:68 for 288 keV photons. This result was used, in conjunction with the observed modulation factor ( P ), to determine the level of polarization (P ) of the laboratory beam, P = P 100 = 1 100 C max (P) ? C min (P) C max (P) + C min (P) (4) The laboratory data gave a modulation factor of P = 0:43( 0:02), leading to a measured polarization value of 64:0%( 3:0%). This result is in good agreement with the expected value of 50-60% based on analytical estimates (Figure 1) . These data are shown in Figure 3 along with simulated results for 60% and 65% polarization levels. This first result demonstrates: a) the ability of a simple Compton scatter polarimeter to measure hard X-ray polarization; b) the ability of our Monte Carlo code to predict the polarimeter response; and c) the ability to generate a source of polarized photons using a simple scattering technique.
In another laboratory measurement, the plane of polarization of the incident beam was rotated 45 with respect to that used in the first set of data. The results of this test are shown in Figure  4 . The most important aspect of this second set of data is the observed phase shift in the modulation pattern. The measured shift of 50:4 with respect to the data in Figure 3 is consistent with the uncertainties in our experimental setup. These data further confirm the results of our Monte Carlo simulations. 
III. LATEST DESIGN CONCEPT
An effective hard X-ray solar polarimeter must meet the following requirements: 1) it must be compact and light-weight in order to conform with various budget restrictions imposed on any realistic payload; 2) it must be modular in order to provide flexibility as a piggy-back payload and to permit building up an array of detectors with sufficient sensitivity as needed; 3) it must have reasonable detection efficiency over a broad energy range (at least in the 100-300 keV energy range); and 4) it must have polarization sensitivity down to < 10% in the energy 
A. Design Considerations
There are at least two possible means of improving the polarimeter performance over that of the laboratory prototype: 1) by more precisely measuring the scattering geometry of each event; and 2) by rejecting those events that undergo multiple Compton scattering within the scattering elements. A better geometry definition will serve to more clearly define the modulation pattern of the incident flux. Improved rejection of multiple scatter events will reduce the contribution of such events to the unmodulated component of the polarization response. Our simulations indicate that roughly 30-40% of the events recorded in the prototype polarimeter as valid events involved multiple scattering within a single scatter element.
An improvement in the measured scattering geometry of an event can be achieved by improving the spatial resolution within each detector element. Fully 3-dimensional spatial information is generally not crucial. Since we are principally interested in the azimuthal scattering angle ( ) of each event, spatial information in the x-y plane (i.e., parallel to the front surface of the polarimeter) will be of greatest importance. Although dependent on the precise geometry of the polarimeter, additional information regarding the z-component of the location will generally add little to the information content of the event.
At these energies (100-300 keV), multiple scatter events in the central calorimeter can be safely ignored due to the dominance of the photoelectric effect (assuming that the calorimeter consists of some high-Z inorganic scintillator such as NaI or CsI). Multiple scatter events will become important when the pathlength through the scattering elements becomes comparable to the mean free path of the incident photons (about 6 cm at 100 keV). Since the detection efficiency is, to a great extent, proportional to volume, the geometry of the scattering elements (in terms of both surface area and depth) must be carefully chosen so as to reach a compromise between detection efficiency and the generation of multiple scatter events. If, on the other hand, one can acquire information about the spatial distribution of energy deposits, it then becomes possible to distinguish those events with more than one interaction site (i.e., multiple scatter events). Such events can be rejected during analysis. This capability would permit the effective use of larger volumes of plastic scintillator, with the potential for a subsequent increase in polarimeter sensitivity. Given the relatively large mean free path of the photons at these energies, a spatial resolution of 1.0-1.5 cm can be expected to provide some significant level of rejection of the multiple scatter events. Even smaller resolutions may be desirable for defining the scatter geometry.
For improving the spatial resolution in the scattering elements, one approach would be to use an array of smaller plastic scintillator elements. These could either be independent scintillator/PMT elements, or an array of scintillation fibers coupled to some position-sensitive device (e.g., a position-sensitive PMT). The scintillation fibers would be oriented parallel to the incident photon beam.
Sub-cm resolution could easily be achieved in this way. In either case, we can measure not only the location of the energy deposit (to define the scatter geometry), but also the distribution of the energy deposits (to reject multiple-scatter events).
Spatial resolution in the central calorimeter can best be improved by using an array of smaller independent scintillators. For example, 1 cm x 1 cm inorganic scintillators would be quite useful in such an assembly. In the energy range where the polarimeter would be most sensitive (up to a few hundred keV), the scattered photon would, in most cases, be totally absorbed by a single calorimeter element.
Two other practical considerations should be noted. In order to reduce accidental coincidences that may be associated with high incident flux levels (such as that from a solar flare), there is a need to shield the calorimeter detectors from direct flux. A thin layer of lead (5 mm thick) is sufficient for this purpose. A second consideration is that of systematic variations in the azimuthal scatter angle distribution due, for example, to nonuniformities in the PSPMT. One way to ameliorate this condition is by rotating the polarimeter about its axis of symmetry.
B. A New Polarimeter Design
Based on the above considerations, we have developed a new conceptual design that places an entire device on the front end of a single 5-inch diameter position-sensitive PMT (PSPMT). This design incorporates a bundle of scintillation fibers (each with a square cross section of 4 mm 4 mm) to provide the improved spatial resolution in the scattering elements and to greatly reduce the number of multiple scatter events. The fiber bundle is in the form of an annulus having an outside diameter of 10 cm (corresponding to the sensitive area of the Hammatsu R3292 5-inch PSPMT). The inside diameter of the fiber bundle annulus is 4 cm, providing sufficient space to insert a 2 2 array of 1 cm inorganic scintillators. The inorganic scintillators would be coupled to their own independent PMTs or APDs for light collection and signal timing. Figure 5 shows a schematic view of such a polarimeter assembly. We have completed a series of Monte Carlo simulations to define the charcteristics of the design. These simulations assume that we are able to uniquely identify which of the 4 mm plastic fibers is involved in each event. The small size of these fibers (which was chosen to correspond approximately to the pitch of the anode wire configuration of the Hammamatsu R3292 PSPMT) insures that practically all multiple scatter events are rejected. We feel confident that we can achieve 4 mm spatial resolution, given that 1-2 mm spatial resolution has been demonstrated with a similar Hammamatsu PSPMT [5] .
The threshold level in the scattering elements (the plastic fibers in this case) is a crucial parameter for extending the polarimeter response to low energies. We used values of both 15 keV and 20 keV in our simulations to demonstrate the sensitivity of the low energy response to this parameter. For the simulations, we employed CsI as a calorimeter detector material, although NaI or BGO may work sufficiently well in the final design; a threshold energy of 50 keV was assumed in this case.
The response to polarized photons at 100 keV and 300 keV is shown in Figure 6 . Only those events with energy deposits in one scintillating fiber and one calorimeter element are included. We have analyzed a number of similar distributions by fitting each to a sine curve. Figures 7 and 8 show the modulation factor ( 100 ) and the effective area, respectively, as a function of energy, based on this analysis. The best modulation factor is achieved at the lowest energies. The effective area peaks near 200 keV, an artifact of the threshold energy in the plastic scintillators. Note how sensitive the low energy response is to the assumed threshold for the plastic fiber array. It is clear that a low threshold for the plastic fibers is desirable. Figure 9 shows a series of results designed to evaluate the off-axis response. These cases of off-axis flux are complicated by the fact that even unpolarized flux can exhbit a modulation resulting from shadowing effects (especially the shadowing effects caused by the calorimeter assembly). These effects become increasingly more important at larger incidence angles.
At incidence angles as large as 30 , however, there remains a significant modulation of polarized flux. These results suggest a useful field-of-view (FoV) that may be as large as one steradian. We are presently performing laboratory tests of a PSPMT/fiber bundle module to evaluate both the spatial resolution and the energy threshold of such a device. Both parameters will be important in precisely defining the characteristics of the design. Energy (keV) 15 keV threshold in plastic 20 keV threshold in plastic Fig. 8 The modulation factor as a function of energy at 0 incidence angle. Fig. 9 The modulation factor and effective area as a function of incidence angle for a photon energy of 300 keV.
IV. SUMMARY
We anticipate that this design would be used in the context of an array of polarimeter modules. These modules need not be contiguous, thus potentially simplifying the implementation. In the case of solar flares, we calculate that an array of 4 modules is capable of measuring sensitivity levels down to a few percent in X-class flares. A larger array of 16 modules would be capable of measuring solar flare polarization levels below 1% for the largest events and would also be capable of measuring polarization levels down to about 15% in some of the largest -ray bursts [6] . The use of polarimetry in X-ray and -ray astronomy has so far been largely limited to energies below 20-30 keV [7, 8, 9, 10] . There have been several developmental programs for higher energy polarimeters (up to 100 keV), but these have largely been directed towards the study of non-transient sources [3, 11, 12] . In addition, several higher energy experiments offer polarimetry as a secondary capability [13, 14] . Although similar designs have been discussed in the literature [9, 15] , we are unaware of any other active effort to specifically measure polarization in solar flares or in -ray bursts at energies above 100 keV.
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